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Abstract

A quantitati&é étudy of the intrusion of natﬁial electroﬁs
into‘the iﬁner radiation zone during and after thg geomégnetic
étorm of.Septembér Z, 1966-shows that the transport is consisteni.
with a radial diffusion mechanism in’which the first }wob
invariants are conserved. Except for the thfee day period'pf
Athe storm main phasé when data were missing, the radial diffﬁsion’

coefficient is D = 2.7 x 10 day ©, in the range

1.7 <L < 2.6 gnd 13.3 < ﬁ L 27.4 Mev gauss-l; This value
could be produced by variation of a large—scgle_electric field
across the magnetqsphere having an amplitudetof 0.28 mv pér
méte; and a period of 1600 seconds. Electric fiel&é having
‘.aﬁproximately these cﬁaraétéristics havé been infefréd from
previous observations of the motion of whistler ducts within
the plasmapause. If fields of thié amplitude and period‘éxist
throﬁghoﬁt the magnetosphgre, the radial diffusion of all
éeomagnetically trapped particles ekeept the high\enérgy inner

zone protons is strongly influenced by electric field variations.

A comprehensive review of previously reported radial diffusion

. .
- - . -

coefficients shows re;sonable‘agreement for L less than -about
3.0, buf-serious discrepancies among reported values exisfyforv
-ng;erminépions,made in the outer iene;_‘Ihéﬁétdiﬁéfépﬁncies'
cannot be explaineé‘by the simple theory of radial diffusion

due to variation of large-scale electric or magnetic fields.
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1. _introduﬁtion'

.fhe identification of the importaht source, transport;
and loss mechanisms for energetic trapped electrons is médé
difficult by the fact that severalvmephanisms operate
simultaneously at most times. Under thése conditions the time
history of the electron distribution may not reveal the undgr-
lying>physical processes. From time to time the>distributioﬁ 
is altered in such a way that a §inéle mechanismftempqrarily
dominates the tiﬁg variation of the di;tribution; Such events
péfmit quantitative evaluation of vérious hypothetical méchgnisms.
Notable examples of these events include the St;rfish additioh,
‘whose study demanstrated the importance of atmbspﬁéric scaﬁféring'
at low altitﬁdes.and the‘very long pitch‘anglé diffusion
lifetimes at the maximum of fhe'ihner zone (Van Allen, 1966);¥
the nuclear injecfion of November 1, 1962, from whichbunaﬁbiguous

determinations of pitch angle diffusion‘lifetimes,énd radial

diffusion coefficients were made (Newkirk and Walt, 1968);
the magnetic storms of 1965 from which electron acceleration

——

within the magnetosphere was demonstrated (Williams et al., 1968);
and the injection of December 20-29, 1962, from which outerfzoné A

radial diffusion coefficients-could be calculated (Newkirk and

Walc, 1968; Lanzerotti et Ei.,g1970).

Aﬁother such event has been selected in this’study: the
first observed natural intrusion of electrons iﬁto the ihner'
zone after‘the Starfish explosion. It.has been used to

determine an appropriate radial diffusion coefficient before

and after the magnetic storm which caused the intrusion.
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The cémputa;i::: of such a coefficient does not demonstrate
the existence of t=Z= =mechanism of radial diffusion. The
mechanism depends T2 magnetic and electric.field variatioﬁs
for which there is =z only limi:ed experimental evidence. 'Thg
évents in the radia:ion.belﬁ which have péimitted calculatiéns
of radial diffusic= zoefficients have involved'pérticles in
various locations == Zifferent times having different firs;

Tka resﬁlting cﬁefficients wgich have been

-

invariant values.
reported in the lit=rature have shown so little resemblgncé
t6 each other as to cast doubt on thevphysigal reality of fhe. 
assumed diffusion me=chamism. It is shown in this workjthat
;uitable comparisc= Setween the reportéd values and relatively
simple theoretical ;redictioﬁs previously publiéhed reduces
these appéfent discrepancies substéntially;‘thereby strengthening’
thé_case for the pkysical existence ofithe radial diffusion
mechanism aand the ap?répriaﬁeness of the transport equation

_ I : .

which has been used to describe it. ‘ o - "‘ \;

2. Geomagnetic Storm and Inner Zone Electrom Injection

'The geomagnetic storm of September 2, 1966 (day 245) was é
moderately intense storm with a sudden commencement at about
0830 UT and a main-ghase decrease starting the next dé; at abéut
0600 UT. The hourly Dst values for days 240 through 249 ére
shown in Figure 1. The étorm was pfeceded by other storms, the
mosf intense of which was on day 242, ;ith a sudden éommeﬁcement

at 1112 UT. The AP indices included in Figure 3 indicafe that
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" the entire period from day 242 to day 253 was relatively
disturbed.
The effect of this geomagnetic storm on the electron

population of the inner zone has previously been reported by

Pfitzer and Winckler (19685. They observed gradual increases
in the intensity of electrons of energy 50<E<690 kév at L values
below 1.8 after the storm. They concludedvthat the'appafent.
' ihward diffusion of these eléct:ons was responsible for
fgplenishment of the inner radiation belt, creating a qéw and
relatively-étable electron p0pu1atioﬁ.b They éstimated-that one
or two storms of such intensity pei year'would be>sufficieht
-to Supply the inner zone electrons.

The present paper is a quanti;ative stﬁdy of tﬁé.same

event using electron data from another satellite.
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3. Radial Diffusion Equation and Solution

For a diffusion process which violates only the third
adiabatic invariant, the time dependent radial diffusion

equation for the electron distribution function f is

(Newkirk and Walt, 1968)
3 3 D 3 ,..2 £ s
at  dL [Lz BL(fL)]—T A S
The quantity £(u,J,L,t) dudJdL is the number of electrons in
the element dudJdL; 4 and J are the first and second adiabatic
{nvariants of the trapped electron motion respectively, and L
ds the McIlwaln spatial coordinate. For equatorialii.trapped

electrons J=0 and the first invariant u is obtalned from the'

relation
p= (1/28 ) (T/m cz) (T+2.m cz)
o o » o

where T is the electron kinetic energy, Bé is the equatofial
field valué, and moc2 is the rest mass energy. Equation 1 is
strictly appllcable only in a dipole field. . The distributionA

function is obtained from the meaSured equatorlal unldlrectlonal

differential electron intensity j, by the relation'(Farley and

' Walts 1971)

L% = 2np L7y (@)



Use of the pitch angle diffusion loss term fT—l implies
that the pitch ahgle distribution is always in its lowest
eigenmode, characterized_by an exponential decay lifetime.

Thg result of perfor@ing the indicated éifferentiation oﬁ
the r#diai diffusion term and integfating the equatiop with

respect to time from t; to tzvls

t2af jEz 3 [1 acen? ”ftzan 1 aced) | fzf |
j;%—t- dt = . D‘é‘*i'l:'—— 3L 1 de+ . aL[LZ T dt - . Tat |

1 o 1 ; 1 ) 1

1f the time intervals are ;hosén sufficiently §hort‘that‘D, %%
and T do not chahge betweeﬁ tl and tys the equatijion ﬁay_fe |
‘written : | | | v.

£2 ~ ";za A | 52 ) RS
’/;1%% dt =D./; 3= ;1—5—9(1—1‘—3 dt,+_-§—L]2 /;;l“ig%udtf'% j; fdt”

1 o o1 o 1

This operation reduces the differential equation to an algebraic

. . . . : . D ﬁ
equation in three varlables -— D, its derivatlve %f’ and T.

It has been- assumed that the radial diffusion coeffic1ent

m- 1 n

varies as A u so that 3L becomes proportional to mkL H~ and
.f—g-mf{ Loawh e amBy 2t [ o
t : £ L L* | t }

1l

b may now be determined by numerical integrations for a time

interval t, to t, in which the dlstrlbutlon functlon f its

derivative with respect to time, and its first and second
derivatives with respect to L are known.
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4. Data

The electron data.usedAit this study were obtained by a
‘magnetic spectrométer on the 0V3-3 (1966—7OA) satellite,
.launthed on August 4, 1966. The satellite périgee, apogee,
inclination, and period were 362 km, 4488 kﬁ, 81.60, ‘and 132‘min
respéctively.' The magnetic spectrometer me#sured the thi—
ditectional électrén intensity_in nine differentiél energy
chahnels with centet eﬁefgies betﬁéen 390 and 2310 k;vt>'At
.detailed description of this instrument_has been preéeﬁted
previously (Vampola,.1969). | |
The eight weeks of data used in this péper have béeﬁ 

»selected from a 14 month study which 1ncludes about 750 passes
_thropgh the inner zone. During thls longer period, the data
. were systematicéliy redﬁced by avefaging the unidiredtidnal
iﬁtensity in each eneréy channel at localupitch angles of 90°
1_(%_) over 1ntervals of .01 in L and 0 1 in B/B , wﬁere B is
'tthe local fleld value and B is the equatorial field value at
that L. ‘These averaées were used to construct distrlbutions
of %;'versus 3/Boh(equ1valent to pitch angle dlstributlons)
for each energf at each L wvalue. Within the energy range of

this experiment;_the energy spectrum was found to be independent

of pitch angle.

During the eight week period including>thé large magnetic
storm of September, 1966, one or two coﬁplete orbits of tape-

recorded data were received from the satellite each day except

Ze



on weekends. The analysis of the present paper requires as
1nput’data the unidireetional‘differential intensity of
electrons at an equatorial pitch angle of 90°. Because the
O0V3-3 satellite does not reach the geomagnetie equator at L
-wvalues above 2.0, and beeause it is desirable to take advantage
of the large number of available off—equatorial measurements to
obtain. superior time resolution, the intensity at an equatorial
pitcﬁ angle of 90° ‘has been estimated’ from the data taken at
smaller equatorlal pitch angles in the follow1ng way.

For the interval 1.7<L<2.0, L_(B/B =1) has been estimated
from each measurement of %-(B/Bo) on these L shells from a
eonsideration of the normal pitch aagle distributions pbse:vedr
during the 14 moath period. For the interval 2.1<1<2.8, in
which the 0V3-3 satelllte nevet reaches the geomagnetic eqﬁator,
both the 0V3 3 data and that of . other experlments at and near
the equator have been considered, and it has been determined
that avreasonatle estimate oflal(B/Bb=l) may be made by '
multiplying iL(B/B ) by-B/B . That is, the nermalldistribution’
of j (B/B ) has been taken to be inversly proportional to B/B .
-Data taken at values of B greater than 0.2 -gauss were not used.
Therefote, for L values _<_2.0,B/Bo was as large as 5.3, and
for 2. 1<L<2 8 was as large as 1l4.1.
' The equatorial estimates of 3! were used to construct
the'requlred functlon L3%. (%L f) at constant H. Thls

function was constructed for u values of 13.3, 17.3,

22.0 and 27.4 Mef-gauss_l. Values for this function require

.8-



jl,rgt a différent energy for each L. The values were obtéined
by logarithmic interpolation from the nine-point differenfial
energy spectrum determined from the measurements at each L.

Figure 2 dispiays two exampleé‘ofAi3j; ‘at constant M
piotted‘against L af a particular time, and Fiéure 3 displays
two examples of‘L3jL at constaﬁt H plottéd'vérsus time aﬁ a
- particular value of L. AFigufeAB‘illustrates an iﬁportant
characteristic of the data at 3;1 L and u valueé;,nothing
dramatic'occurs.in connection with the sudden dommenc;ment or
with the start of the main phase decrease. bAt the lower values
of L (LSZ.Z) the intensity is slowly increasing or decfeaSing,
depending on the first invariant valug. Above.L of Z.Zithé'
intensity is increasing at all first iﬁvariant values, poséibli
because of the effects of the earlier storm.on day‘242; At all
values of L above 1.7.a'1afge incfeasé in intensity ;akes'
pl;ce in the period of no data extending from &éy‘246.8 to
day 249.6. The inéreases are progreséively larger at lérger L.
Figures given by Vampola, 19?1 illustrate these éhangeS'
fqualitativély in more detail than.is given here.

In additionvto the funétions illustrated in‘Fiéﬁieé 2 aﬁd 3,
the first and second derivatiﬁes of L3jL with respect to L afe
réquirea for all times. These derifatives wére Obﬁainéd_byj
fitting the data of Figure 2,'differentiatiné numefically'j
‘tvice, and plottihg and smoothing the resulf as’a functibh of
time. These‘fun;tions also changg significantly dﬁring the
period'of noldata. The resuiting body of data was used as the

‘input to equation 3.
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Figure 3. Two Representative Examples of the Time Variation of L3,j 1 at

Fixed L and First Invariant, and the Corresponding Values
of A
p
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The feported electron>pitch angie lifetime in this region

'ds a strong funetion of L. This behavior has been given
theoretical justification by Lyons et al. (1971), who have
predicted pitch angle lifetimes tesulting from wave-éarticle
1;teractioﬁs in this L ihterval. A number’of the régoited
values of the pitch angle lifetime in the L range of interest
are.shown in Figure 4, In general, ﬁhese estimates have
considerable uncertainty beéause of the ‘difficulty in sepérating
the effect of pitch angle diffusion loss from other souice; loss,
and transport mechanisms which may be simultaneously affecting
the electron distribution. Since any error in’theichoice of T
will affgcﬁ the calculated values of D in this paper, tﬁe
effect of uncértainty in T has been.expliéitly garriéd through'
the calculation. fhe values of T used in this paper éré
 indicated éy the curve iniFigute 4. Calculations of D have
also been made in every case with a value of 1 larger by a
‘factor of 1.5 and smaller by a factor of 1.5. -Each value of

D has been_assigned a systematic error bar extending between
thé values of D resulting from_the‘assumed extremes of T.

The theoreﬁical‘values of Lyons et é;. (1971) are more nearly
10 days than the value of 15 used above‘L of 2.1. 1If their

~values are correct, then the best values of D will be represented

by the end of the error bars corresponding to a shorter choice

of T.
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For ghis study the eight-week time perjod was subdivided
into tén time intervals ofrfive or six days each. Five time
periods.(days 220-225, 225-230, 230—235,.235—240 and 240-245)
precede the geomagnetic'storm.' No data is available from
- 246.8 to 249.6, a pé;iod-which includes ;omé‘éf the ﬁain phase
and.mﬁch of thé recovery phase of thé stofm. ,FiQe others
(250~255, 255-260, 260-265, 265-270 and 270-275) fol}pw.thé~.
storm. With ten time periods, ten L values and‘four Qaiues.
of the first‘invariant there are 400 possible computations of
the diffusién coeffi;ienﬁ>from eéuation 3..'Missing or,bfokeﬁ
data, due in part to the limited differentiai énefgy rangé bf
the instrumen;, confined the actual determinations>to 157. .
calculated va;ﬁes. " | | |

Ihg,igportant increase ﬁhich_tﬁbk place within the peribd
of day 246.8 to day_249.6_caﬁnot‘be studied becéuse tﬁere is
no data fér the period. According ﬁo ﬁilliams et al. (1968).r A’
a storm with a Dst'value of -182y may be expected to add
electrons (by a meéhanish not yet known) to L shells as.low as
'3.0.° Whether this storm added new electroms to L shells'lowet
than §u88€éted by the ﬁ;; value; or whether‘enhéncgd rgdiél
diffusion is responsiﬁie,cannot be establi;hed in this case.
3. Results | ‘ |
The éolﬁtion'of equation 3 requires that the yalue‘of m

be known. The first calculations of the radial diffusion

coefficient were done with the assumption that m is 10, but

-1h-



the resuliing values of D showed a seventh powver veriation,'a
fesult inconsiseent with the assumption. Systematic reduction
of m produeed increesieg veiﬁes of the resulting power law
coefficient until agieement was reached et m of 7.9, thus
deﬁermining the proper value of m to be used in the calculations
of‘D. h

Representative>results for the radialAdiffusiOn coefficient_
D as a function-of time are shown in Figure 5. This particulér(
example shows an important.charecteristic of the results which
appear at all four values of the first invariant end at ail,L'
values within the range of the 1nvestigatlon. the d1ffusion>
coefficients for post- storm periods do not differ 31gn1f1cantly
from those for the pre—storm period. Because no signiflcant
;varietioes with time‘appearrin tﬁese coefficients,.all of them
have been.averaged together.at each ﬁ valﬁe.' These averaged
" values are shown in Figure 6. The ends of the error bars
representing possible systematlc errors due to the choice of
pitch angle lifetime have also been averaged and 1nc1uded in
Figure>6.> As a rough average, the error bafs extend ZSZ‘ab0ve
‘and below the values corresponding.to the selected pltch angle
lifetlmes, and thereby indicate the sen51t1v1ty of the results
to the choice of T.

Avtendency toward smaller coefficients at highef values of‘
the first.inﬁariaet is apparent. If the diffesien‘ceefficient
s, then a two dimeesional

is assumed to .be of the form D = a Lmun

least squatres fit to the logarithms of D gives the result

-15-
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Figure 5. Representative Values of the Required Radial Diffusion
Coefficient at Fixed L and First Invariant

Systematic error bars represent the resulting range in
D when the pitch angle lifetime is varied a factor of
- 1.5 above and below the values used for the points,
vwhich are given in Fig. 4.
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Figure 6. Radial Diffusion Coefficients Calculated from Eq. (3)
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The .calculations correspond to increments of 0.1 in

L. Slight L displacements have been used in the plot
for clarity.
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D=2.7x10°1""° po-o day"l (4)

The standard deviation of these daté from the power law fit is
26 percent.

Discussion

1. Mechanism of Inner Zone Electron RepoPulatioﬁ
The September 1966 electron redistribution which has been

quantitatively analyzed in this paper was reported By Pfitzer

- and Winckler (1968) to be the first intrusion of natural
electrons deep into the‘inner zone after.the Starfish nucleér_
injection ;f 1962. Their report inter?reted this'event as an
e#ample of inward radial diffusion. AFarlez'(l969) studiea tﬁe
role of radial diffusion in the gradual diéappea:ance of'the-
Staffish electrons énd noted that by September; 1966 the decay
had préceeaed s0 fa; that thé avefage radial gradient of tﬁe
adjusted density (sz)‘between the.inner and outer zone was
positive, and therefore electrons might be expected tdvdiffuse

inward from the outer zone with a radial electron current

given by
; = b aa’D)
L2 el

The inner and oﬁter elecfrbd zones are sepirafed by:the élof
region (approximately 2.5<L<3.5) in which electron pitch angle
lifetimes are less than the average interval between major
magnetic storms. The slot region is coﬁsequently empty of

energetic electrons during quiet periods, and electrons

-18-



difquiné inward from the outer zone are.nofmélly lost by pitch
angle diffusion in the slot. ‘ -

"In major mégnetic storﬁs, such:as the one of September 19§6,
important additions are made to thg §uter zone.électron pbéulaticn-
by as yet unknown mechanisms. It is possible that some direct
;dditions are made to L Qalueé within the inner zone, although
tﬁé results of ﬁilliams et al. (1968) indicate that this probably
does not happen in a storm of the infensity of the one 6f |
September 2, 1966. The radial'gra&ient of sz, and consequently
the in%ard fadial electron current, isvmuch enhanced. ElectronsA
~diffuse into ahd_fill the slot régibn, spilliﬁg over into the
inﬁer zone-where electron lifetimes are very long (N'oné yearj.
ﬁithin several weeks pitch angle diffusion reﬁoves the eiectfons
in the slot,.leaving the inner zone electfpns in orbité‘of long
iifetime. These inner zone electrons are sloﬁly lost by inward
diffusion toward the earth, outward diffusion into the élot,

"gnd by collisions with atmospherig qonstituents. .Farlez (1969)
 estimated from rough arguments that # diffusion coefficient

.of 8x10_4 day_1 would be required to éause the difquion‘
obse?ved aétér-the September 1966 stérm, and this estimate

is borne out by the quantitative fesults of this paper.

Although it is possible that the diffusion coefficient
may have been temporarily eievéfed during thé main phase of
the storm, the observed redistribution took several waeks, and
the results of this work indicate that the diffusion coefficieﬁt

»

during this period does'not differ significantly from its pre- ’

-19-



storm value; The redistribution continued because of the
'lerger gradients in sz and consequently larger diffusion
currents, produced by the geomagnetic storm. -
2. The Role of Radial Diffusion in the Radiation Belts
Attempts to account for the existence or time evolution
of various particle distributions in the radiation belt by
includlng a radial diffusion mechanlsm are now rather numeroes.
”Figure 7‘inc1udes most of the diffusion coefficients which
‘have resulted when a diffusion term equivalent to that in
equation 3 has been eiployed Two other values discussedv
previously by one of us (Farlez 1968) have been_omitted.
Even when due allowence is made for ‘the uncettainties which
enter beceuse of the wide variety of'approximations in dsta and
.techniques which have been employed by various authors,Ait is
apparent that these results, plotted in this way, do not lend
much support to the existence of the radial diffusion ﬁechanism._
However, an appropriate review.of the underlying theofy suggests
that a different method of comparison among these values.will_-
bé more reﬁeeling.

Radial diffusion may be driven either by magnetic field

-

variations, or by electric field variations. F3althammar (1968)
.has assumed a magnetic disturbance field which contains only

the zero and first order terms in a spherical harmonice expanszon,
and obtains the result that the magnetlc diffu31on coeff1c1ent

will have the value

D, m'r(ao)Llo [\)ZP(\))]
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Previously Reported Radial Diffusion Coeffiéients

(1) Farley, et al., 19Tl, inner zone energetic protons;
(2) DeForest, 1970, inner zone energetic protons;

(3) Newkirk and Walt, 1968, artificial electrons;

(4) Farley, 1969, Starfish electrons; (5) Present
results from natural electrons; (6) Newkirk and Walt,
1968, outer zone electrons; (7) Nakada and Mead, 1965,
outer zone protons; (8) Sbraas, 1969, outer zone protons;
(9) Lanzerotti et al., 1970, outer zone electrons;

(10) Walt, 1971, artificial electrons.
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where P(V) ‘is the power spectrum of the disturbance amplitude,

d
'unity for equatorially trapped particles (ao = 900) and

T, is the particle drift period and T is a function which is

decreases by about an order of magnitude for particies with
smail pitch gngles. For a magﬁetic power spectrum which
;decreases as thé square of the frequency, this result prediété
.a diffusion coefficient propo£tionél-to the tenth_power of L
##d ihdependent of particie drift period. A numbef qf the
‘results included in Figure 7 have approximately this L
vériation, aithough the proportionality coénstant varies from
something like 51»:10—10 day_l up to 1:‘{10“8 day-l. Qlearly; the

results of,thelpresent paper do not fall into this group.‘

Falthammar (1965, 1966) has also computed that variations
of an electric potential field will produce diffusibn with’a

coéfficieht>given by

| Yy N
wvhere BO(L)-is the equatorial magnetic dipole field and Pn is

DE _EE:Z n=1 Pn (L,V) n . o ’-(é)

the péwer spectrum of the time variation of the nth>Spa£ial
Fourief coefficient of the electric potentiél field inAthe
equat;rial.plane; This coefficient is independgﬁt of the
,paréiclé pitch angle. | | “

HCornQall (l968)}hés é?fiied tﬁis result to the electrostatic

fields which drive the currents that prbduce magnetic bays.

Using only the fifst term in the expansioh (which is the azimuthal



°

 component of a uniform electric field across the magnetosphere),

Cornwall obtains the resﬁlt

C 2 2 ~ -1

p =& TE (L) 1+ (nT )2 -(6)
E 2 AT
- 4B d

- where T is the characteristic time of magnetic bays (2000
. _seconds) and E is assumed to be 1 to 10 kilovolts across
several earth radii. The_equatioa is to be evaluated invcgs
'uhits. ” ) -
A certain amount of recent experimental evidence now
"indicates that there are large scale electric fields w1th1n the
plasmapause, although the observations are not sufficiently» .
>eXCeﬁsive'to permit the electric field to'be decomposei into
~£he amplitude4and time variation of each spabial Feurietz
'EOmponenf which is reQuired for a formal evaluation of'
~equation 5. | | |
In particular, Mozer (1971) has made bailoon measuremenbs‘.
~which 1nd1cate a high altitude electric fleld of 0. 6 mv per
meter; These measurements are difficult to make, and it is
uncertain to what extent local ionosPheric fields may be
included in these measurements.
The observations of Carpentei'(197l) df the radial:abtion"A
. of whistler ducts appear to-be more directly applicabie in the
" evaluation of the radial diffu51on coeff1c1ent due to electric

/field variation, since these measurements can be accounted for

-
. -

only by magnetospheric electric fields within the plasmapause.
.Carpenter's observations of the duct motion, which have been
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chiefly on the nightsiég of the earth, reveal the azimuthal
‘cémponent‘of this electric field. The dbservationé indicate
that this field extends to an L at least as low as 2.7. No
data is available at smaller L values. Tﬁe fields are substorm
#ssqciated, aﬁd are sometimes directed eastward‘and'%ometimes
westward. The amplitude, at least dufing substorﬁ perio&s, ﬁay
véry from 0.2 to'0.6.mv per meter. While ffequency spectrﬁms
of thé spatial Fourier compohents have}not been 6btained, the
'observ;tions indicate substantial fiucfuations bf the;e'fields
with periods of the order of é half hour. )

'vIn order to compare the diffusidn coefficiént of this
paper:(gquétionug) with the one to be expected ffdm elecfric
field variations, the drift.period‘ha; been computed for the

particles represented by each data paint'in Figure 6 from the

‘relation

-, 1/2
Td - deRe L X:l + Q
He

This relatién’must be evaluated in cgs units.. A best fitféf
these dé;a to equation 6 has been made, alloﬁing the electric
'field-amplitudé E and périod.T to varf siﬁultaﬁeously. The
"best fit is found for E = 0.28 mv per meter and T = 1600 |
seconds, so‘that | |

" by = 6.82x107° 1% |1+ (El) day™! (7)
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~ The standard deviation of our data from equaéion 7 is
32 percent,balmost as good as the-powermlaw fit ih L and u.-
This is not to say that the data pbints which constitufe the
results of this paper will fit.a fpnction very different from
the powéf law fit'of equation 4. Rather, the_reas;hgbly gpod
fit occurs bgcéuse equation 6 is approximatei§ a poﬁer law
wheh transformed to the variables L and g. bver fhe»limiﬁed
range of these vériables‘in this stﬁdy. * |
The diffusi;n coéfficienfs éalguiated,iﬁ.tﬁis.pépér
thus appear-to fit the predictions of a simplified elé;tric:
fiéld variation theory with v;lues of the e}ectric fie1a E ;pd
characteristié period T which are consistent with thé limited.
available experimentai evidencé.. In a recent papef, Cornwall
(1971) fqund th;t equation 7 withjﬁhe ﬁumericai.factor in ﬁhe
_ 5 o .

fange 3x 10 ° to 1 x 10-4 gave ‘a2 radial diffusion coefficient

which enabled him to predict aipha to proton rations within,the' '

magnetosphere in reasonable agréemgnt with measurementé. The

: very clpsé'égreement between his value éndbequation/7 éupports
the valiéity of diffusion driven b& elegtrié field.éariations;
While more detailed electric field information is desi;able

'so that the more sophisticatéd tﬁeory may be emﬁloyed; the
agreement\alréady obtaineﬂgpermits the conclusion fhét-éleé;ric
field variations are éiob;bly regpqnsible for ﬁost éf the
observed diffusioan and suﬁsequent repopulation of th; inner

radiation zone by electrons.



'Itfhas Leec noted by Roederer and Schulc (1971) that radial
diffusion coupled to pitch angle diffusion can be procuced by
the shell splitting caused by a static electric field. The |
diffusion coefficient fot this ﬁrocess haskbeen computed at
L of 2 for 1 Met electrons and a .28 m# per meter electric
field, using their theoretical result. The cpefficient thus
calculated is several ordets of magnitude smaller theﬁ the oee
obtained in this work, indicating that diffusion by electric
field variations is the more 1mportant process in thls event.

It is now apparent why comparlsons among calculated
coefficients like that of Figure 7 are not approp;iate. The

M

will be functions of L and fd, and therefore pafticles at

theories for both D, and DE predict that these coefficients

: the same L will not experience the same dlffu51on unless they
have the same drift perlod._ Oely in the very spec1al case of
diffusion’dtiven by magnetic field variations with a power
spectrum falling as v—z will the coefficient be independent_
- of drift petiod.- | | .

-A more geqeral appfoach to compafison of reported tesults
15 toeccmpute the ratio of‘the’expetimental values to the
theoretical'predictions with suitable (i.e., expetimentalj
values of the amplitudes of the fleld variations. 1In general,
diffuszon may be driven by both electrlc and magnetlc varlatlons
80 that

D, =D +D | (8)



°
.

For these comparisons it has been assumed that DE is giveﬁ by

gqﬁation 7, and that the magnetic coefficient has the value

D, = 1x1078 T 110 qay?t L (9

~ This choice for D which implies a power spectrum

M’
falling as vﬁz, is largely based on the findings of Farley and

Walt, (1971), which are appliéable to high energy inner zone

protons. The calculations of Nakada and Mead (1965) of the

diffusion coefficient due to magnetic impulses and sudden

- commencements resulted in a va.lue:ll.55xlf).-10 L10 day“1

s 8

result too small to acc¢count for the-observed diffusion of any

populatlon of trapped partlcles. Evidently other time-

varying magnetic phenom?na must contribute if magneﬁic

diffusion is iméortant.' T is thessuitably averaged value of

the pitch aﬁgle dependence of the magnetlc dlffu31on coeff1c1ent,

and dépends onn the range of pitch angles lncluded in the

flux measurementé. For equatorially trapped partlcles

T=1; for an-outer zone (iSotropic) pitch anglé diétribution
measured with an omnidirectional detector, I'=0. 4é for a typical

inner -zone pltCh angle dlstrlbutlén measured with an omni-

'directional detector, f=0.71,

The ratio of the experimental values to D' has been plotted

T

in Figure 8. Labels E and M have been placed on the curves

to indicate whether DE or DM is the principél contributor to

the theoretical coefficient when'DE and DM have the values

given by (7) and (9) respectively. From an examination of
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Figure 8, it is evident that magnetic diffusion is dominant
only for the high energy ﬁrapped protons of the innexr zonmne

(curves 1 and 2) when Do and D, are given the values in

_equations 7 and 9, respectively. This results from the short

drift period of these protons, which makes DE small. . Magnetic

diffusion alsﬁ becomes important fof the'lérgest vaiues of L
for several of‘thé particle populétions (cﬁrves 6-9) in

Figure 8 because its L dependgncevis.stronger than that ofn,
electric diffusion. Clearly, different choices for thé'
parameters in DM will not bring signifiéhntly bettéf_agfeement
' among the reported values compared in Figuré 8. If a smaller
valﬁe is selected for D

M only curves 1 and 2 of Figure 8 will

be affected in an important way since Dy

the position of the other curves already.: If a larger value

largely determines

is selected for D curves 1 and 2 will no longer indicate

M?
agreenmnent, wﬂile the situation in thé outerréone bécomes..
worse siﬁce three of the experimental values are.already
substan#%ally beiow DT.‘ |
| "Several general comments may be mad; concerﬁihg this
comparison. There is a group 6f six inner zone measqremgnfs'
which, togéther with the Newkirk and Walt outer zone ﬁeasurement;

are In reasonable agreement with D, as far as their magnitude

T
is concerned. Their L variations tend to be somewhat different,
in éeneral. In some cases this may be due to the solution
technique employed, or the limited range of L in a particular

—

determination. In particular, the diffusion coefficient has

2=



been assuméd to have a pbwer law variation in L, H coordinates.
in many of these calculations (including the present work). -
Naturally, fhose vho have assumed a power law have obtained
that result.A The theory does not predict such a variatién
excepﬁ in special‘cases,valthough a power law may'be a_;easonable
representation éver a restrictéd range in L. '

The two inner 2zone points.wﬁich aré clearly in disaéieément
with D, were determined from the'spreading'of the artifici#lly
injectéd electrons of the USSR nuclear test of ﬁovembér 1, 1962
and those from oné of the US Argus tests, The othgi,fwo boints
rat somewhat larger L in the inner zone are froﬁ ;gertherbtwo
Argus tgst;,,and they are in bettg; agreement ﬁitﬁ DT'._ L ‘ .

fhe steep radial gradienﬁ of the distribution functidn'énd
the manj determinations of its shape duriﬁg the decay of-tﬁe
electrans from the USSR test make the poinf at L of 1;76 one bf
.the more reliable determinations. From qualitative obsefvations
of these injected electrons, it éeemed_pogsible'to predict'
thaﬁ inward radial diffusion could ndt pbpuiate the innéi‘ionef
Since itii; one conclﬁsion of this éaper that radial diffﬁsion
does indeed repopuiaté the’inner zone, the periodiof decay'.
of tﬁe électréns from the USSR.fest and frqm.one of the.Argus'
- tests may have been unusually quiet. Thése artifiéial electron
pbpulati;ns did h#ve.one feature ﬁnique améng all other -
populations from which diffusion coefficients ﬁave been

calculated: they consisted primarily of electrons mirroring



at low altitgdes during the early period in which the diffusion
" coefficients were computed; Howéver, tﬁé theory shows that
DE.has only a weak dependence on particle pitch angle through
td’and it is,nbt otherwise apparent how the pitch #ngle
aistribution might be important to the problem.

-In addition to these inner zone'values, there exisié a
group of three ou;er zSne valueévwhich‘are smaller-than DT by
-factors varying from 20 to SOf It is the'aeparturerf.these
values from D, which repreéénts the largest disérepanéy

T

‘between experiment and the theory’which'has been assumed to

apply. One of these results (Lanzerotti et al., 19705‘représents
an additional determination of the diffusion ;oeffiqient fqr |
: thé same event studied by Newkirk and Walt, although.applicéble
.t9 somewhat'different particie énargies,.L ranggs;:and time
?;éeriods. The reasons for this discrepancy and the rela#ive

merits of the techniques for obtaining D have been adequately

debated elsewhere (Wal;'and Newkirk, 1971; Lanzerotti et al.,
1971).

.The reported values of Nakada and Mead (1965) and Soraas

(1969) both suffer from an error in wﬁich the factor“u—l iﬁ
jequation 2 was omitted when convérsionvwas made from measured
flﬁx to the required distripution funétiop. It ié not likely .
that this will produce an error in D of a factor 20 to 50. |

Present ﬁheories posfulaté that the magnetic aﬁd electric
fields whose fluctuations produce radial diffusion are

comparable in scale to the size of the magnetosphere, and there
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aré no obvious rgasoné why innef or outer zone &aiueg should.
ﬁot be érédictable from the same theory. It is possibie that:
some or all of the apparent discrepanciesvméy be résolved ﬁy
the discovery of more locaiized'field fluctuation phenodena,
‘or by determination of the actual time variationg of large~—
scale fluétu?tion phenomena. |

Conclusions

VlQ The inner ra&iatibn zone is repbpuiated with electrﬁns
during and afﬁer largé magnetic étorms. ‘Electroﬁs écceléfated
in or transportgd to the outer radiation =zone duriné the active
‘period of the storm diffuse radi#lly inward acrosSffhe’normally
 empty slot fegion and reach the dinner zone, where frappe&
electron lifetimes are very long.

2. Thé~diffusion coefficient required to d;ive this diffuéian
is consistent with that whicﬁ would result from vafiatiohs of

a la;ge—scale electric field aéross the magnetosphefé éndr
within fhe plasmapause, extending to an L at least ?s low as
1.7. The required magﬁitude and characteristic period are

0.28 mv per meter and 1600 seconds, respectively. These values
are iﬁ rough agfeement with‘limited experiméntal observations.
3. If the values given above for the electric-field éﬁplitude
‘and time variation are correct andxapprOPriate for the entire
magnetosphere,'ﬁhen the radial diffusion §f all particle
populations studied thus far, with the exceﬁtion 5f the high-
energy inner zone protons, is strongly affected by these electric

field variations. The high energy protons, because of their

~32-



°

short drift periods; are little affected by electric field
"variations whose period is 1600 seEdhdsQ Their diffusion must
be due to magnetic variations (as assumed in the foregoing
discussion) or to as yethunreported electric field variations
‘)of-shorter periods.

A:- A re§iew and comparison of previpuéi& published radiai 
diffusion coefficients results ﬁith predicﬁions of the simple
theory indic;te an area of generai agreement on the magnitude
of the coefficientvin the inner radiation zone,'at least when
feasonable allowance is made fé#bpossiblé uncertaintiés'in'data
and techniques, 55 well a§ some allowance fér time variation
of the diffusion process. A group of outer zonermeasuremeﬁté
cannot be reconciled with the Othér measurements using the
simple theory, leaving an important discrepancy for.both f

theoretical and experimental study.
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